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Laboratory analysisBloodstains on fabrics such as clothing, soft furnishings or carpets are often encountered in casework. These
stains often have a distinctive morphology that includes satellite stains, thought to be a highly sensitive feature
that is a function of surface roughness. This study presents the ﬁndings of experimental studies conducted
with proxy blood on two fabrics, similar in labeled composition, to assess the inﬂuence of fabric type on satellite
stain generation. The morphology of proxy blood stains on the two fabric types were found to be statistically
distinguishable from one another, with the volume of satellite stains generated being dependent upon the
surface roughness of the fabric. These ﬁndings provide an initial step that illustrates the viability of providing
an empirical evidence base for the interpretation of satellite stains in forensic blood pattern analysis (BPA).
© 2014 The Chartered Society of Forensic Sciences. Published by Elsevier Ireland Ltd. Open access under CC BY license1. Introduction
Blood pattern analysis (BPA) is the analysis of blood largely associat-
ed with crimes of violence [1]. There are two broadly separate stages of
BPA: the analysis of stain patterns at the physical site of a bloodletting
event and the laboratory analysis of stained items, clothing or samples.
These two stages are not mutually exclusive and in combination can
assist in indicating the likely spatial evolution of bloodletting events,
the types of bloodletting mechanisms encountered, the identiﬁcation
of individuals involved and/or their associated levels of activity around
bloodletting events [3]. In the laboratory, bloodstained fabrics are fre-
quently encountered and the accurate interpretation, particularly of
clothing items, can impart to investigators a comparatively strong indi-
cation of the activity, position and level of involvement of an individual
with a bloodletting event. Further assessment of the bloodstains can
also help to infer if they derived from direct involvement or indirect
mechanisms [2].
As it is often not the presence of blood on clothing that is disputed
but the circumstances by which it was transferred, the ability to infer
positionality, level and nature of involvement of individuals through
fabric analyses becomes evenmore pertinent. For example, the observa-
tion of ﬁne spatter staining on clothing could be interpreted in severald Crime Science, 35 Tavistock
.
nces. Published by Elsevier Ireland Ltways. Itmayhave originated froman individual being in close proximity
to a bloodletting site at the time of impact [1–3], have derived indirectly
frompost-event activity or be due to the exposure of clothing to exhaled
blood [4,5]. The evidential signiﬁcance of each can vary. It may be espe-
cially relevant in caseswhere a suspect argues that staining is a result of
going to the aid of a victim (see for example [1,3]).
Although analysts routinely inspect stains on fabric, and their pres-
ence in forensic examinations can have enormous signiﬁcance in the
evaluation of scenarios and crime scene reconstruction, relatively little
is understood about them. Limited research has been carried out on
the complex stain morphologies that can be formed and observed on
fabrics, compared to those observed on other more regular or “ideal”
surfaces such as paper, glass or tiling [2,6]; however, very little is
known about the blood–impact surface interactions that generate
them. The limited nature by which they are understood means that
the potential for fabric stains to be misinterpreted is signiﬁcant. This
process is further complicated by the overlapping nature of primary
and secondary event staining of fabrics, the true extent of which is not
empirically understood with regards to either individual fabrics, or
different fabrics in comparison.
Fabric stains can exhibit more complex morphologies due to the
presence of secondary event or satellite stains [8] (Fig. 1). Observations
of water droplets impacting surfaces of increasing roughness [7] have
led to the hypothesis that satellite stains are formed as a ﬂuid impacts
on a rough surface, disrupting to generate small secondary droplets
which radiate from the main impact site [8].d. Open access under CC BY license.
Fig. 1. Examples of satellite stains.
1ml blood
Fig. 2. Illustration of force impacting into 1ml blood placed at equidistance from swatches
of fabric A and B.
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the surface roughness of the recipient material [1,9]. As the surface
roughness increases, the extent of disruption and splashing also in-
creases [10]. In our operational experience, stain disruption may also
be inﬂuenced by the variability in fabric textures, chemical and physical
treatments, width of ﬁbers relative to the diameter of the blood drop
and impactwith garment features, for example hems, stitching, buttons,
etc.
The presence of satellite stains therefore reﬂects a complex micro-
dynamic which takes place during fabric stain generation. There are
two elements to this dynamic, the primary event and the secondary
event, both of which overlap to generate each individual fabric stain.
In the primary event, blood issued directly from the source impacts
the fabric to generate a main stain body. On contact, it simultaneously
disrupts and some is dissipated as smaller droplets, which can settle
to form satellite stains. This disruption is the secondary event and
generates secondary event staining. This uniquemicro-dynamic creates
an overlapping stain pattern which requires specialist interpretation.
The overlap of primary event stains with secondary event, or satellite
staining results in fabric stains that exhibit complexity which is not
necessarily reﬂective of solely the primary event from which they origi-
nated. In a laboratory analysis of fabric stains, where the overall context
of a bloodletting scene is unknown, thismay potentially lead to theirmis-
interpretation. This can include mistaken identiﬁcation of the bloodlet-
ting event or mistaken inferences about relative levels of involvement
with or proximity to the primary bloodletting event. For example, the
number and relative size of stains present within a distribution can be
interpreted as an indication of the force of an impact generating primary
blood spatter. Given the hypothesis that the extent of disruption or sec-
ondary event staining is a function of surface roughness, the relative
amount (size and number) of stains may alternatively be a direct result
of the particular surface characteristic rather than of impact force alone.
Compositions of fabrics vary according to the precise assemblage of
ﬁbers they contain, whether the ﬁbers are natural or man-made, and
the ratio of their mixing relative to each other [11]. Slight variations in
composition will inﬂuence the surface roughness exhibited by fabrics,
and therefore the extent of the satellite staining observed. Thus, two
different fabrics exposed to the same primary event may exhibit vastly
different levels of secondary event or satellite staining. Take for example
a hypothetical event where two swatches of different fabric are mounted
at equal distance to a target area containing 1 ml of blood (Fig. 2).
The application of a force to the blood source will generate primary
event spatter which will form primary stains on both fabrics. If it as-
sumed that each fabric is exposed to the same amount of primarystaining, the level of disruption observed will be dependent upon the
surface characteristics of each. If fabric A possesses a higher surface
roughness than fabric B, it would be expected to exhibit a greater level
of secondary event or satellite staining.
In the context of both swatches being separately analyzed within a
laboratory, an analystmightmistakenly conclude that fabric Awas closer
to the bloodletting event than fabric B or that fabric A was exposed to a
higher force impact than fabric B due to the greater level of staining. If
fabrics A and B relate to clothing recovered from two different suspects,
the disparity in interpretation can have investigative implications.
In order to enhance the ability of blood pattern analysts to derive
meaningful interpretations from fabric stains, the uniquemorphological
characteristic of satellite staining requires empirical examination. The
purpose of this study therefore was to determine experimentally how
surface roughness inﬂuences the generation of satellite stains and how
sensitive their relationship is. Experiments, building upon the work
carried out by Knock and Davison [14], were designed to incorporate
fabric surfaces. Two similar fabrics, exhibiting minimal differences in
labeled composition, were stained with a proxy blood at a range of
impact angles and drop heights. This study presents the ﬁrst empirical
data relating to impacts on angled fabric surfaces thatmay aid the inter-
pretation of stains on fabric. The volumes of satellite stains generated
were measured and statistically evaluated, in order to determine
whether minimal differences in fabric composition have a signiﬁcant
inﬂuence on the characteristics of stains generated upon them.
2. Materials and methods
The experimental design for this study followed the work of Knock
and Davison [14]. In these experiments, a non-toxic, proxy blood was
allowed to passively drop at a range of impact angles (22°, 44°, 56°,
62°, 78° and 90°) on to two types of clothing (Fig. 3). A ﬁxed volume
contained in each drop was regulated through the use of a burette.
For this study, a proxy bloodwas utilized,whichhad previously been
found to approximate the behavior of real animal blood. Following the
methodologies of Millington [15], the proxy blood was made up with
90 ml distilled water, 5 g dry mass of powdered confectionery product
and 2 ml scarlet food coloring containing (corn syrup, sugar, water
and red 40). It was not possible to make a comparison of the proxy to
blood. Experimental consistency was ensured, however, by using each
batch of proxy blood on the day of manufacture and by using the
same batch for all stains generated at each impact angle. Staining
through passive drop formation was chosen to simulate blood dripping
under the force of gravity from a weapon or a blood-soaked hand onto
fabrics [16,1,8].
Clothing with commonly encountered fabric mixes were chosen for
these experiments. Two items of clothing were selected and both had a
predominantly cotton (natural)-based composition. The ﬁrst itemwas a
pair of denim jeans, with a labeled composition of 98% cotton and 2%
elastane; the second itemwas a cotton mix T-shirt, with a labeled com-
position of 95% cotton and 5% elastane. The decision to use cotton-based
itemswas in accordancewith the assertion of Grieve and Robertson [11]
Fig. 3. Experimental setup.
Fig. 5. SEM image of clothing item 1 (1 mmmagniﬁcation).
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75% market share of US apparel and home furnishings markets [12].
Cotton is therefore most likely to be encountered by forensic textile
examiners. Natural ﬁber fabrics were also chosen due to the three-
dimensional shape of theﬁber strands, whichprovide greater variability
of surface roughness in comparison to man-made ﬁbers. Atomic force
microscopy (AFM) (Fig. 4) and scanning electronmicroscope (SEM) im-
ages (Figs. 5 and 6) illustrate microscopically the three-dimensional
structures of the two naturally based fabrics. Differences between
strand width and alignment can be seen by comparing the SEM image
of clothing item 1 (denim jeans) with that of clothing item 2 (T-shirt).
Although the two clothing items chosen for this studywere relative-
ly similar in labeled composition (Table 1), the AFM images (Fig. 4)
indicate that their surface textures were discernably different. This
was important in attempting to establish the degree of sensitivity that
might be achieved for subsequent predictions or interpretations of
satellite staining on fabric.Fig. 4. AFM images of clothing items 1 (leThe fabrics were subjected to a wash prior to any experimentation,
applying the ﬁndings of Slemko [13], who established that washing
affects the ability of fabrics to absorb and disperse blood impacting
upon it and therefore inﬂuence stain appearance. Washed fabrics were
also chosen to replicate as closely as possible conditions in real-life anal-
yses [17]. All fabricswere subjected to the same40 °Cwash,without de-
tergent and a 60 min drying cycle prior to experimentation.
The experiment was set up as shown in Fig. 3, and the proxy blood
was pipetted onto fabric swatches attached to a wooden board, which
was adjusted to each impact angle (22°, 44°, 56°, 62°, 78° and 90°) at dif-
ferent ﬁxed heights (50 cm, 100 cm, 150 cm and 200 cm). Each height
and angle was replicated 6 times. Fabric pieces with hems, buttons,
stitching or other detailingwere discarded in order to ensure that stains
that disrupted upon impact did so in a relatively controlled and consis-
tentmanner.With 6 impact angles and 4 different dropheights incorpo-
rated into the experimental design 24 stains were generated for each
angle: 6 at each drop height. Thus, for each fabric, 144 stains were
produced providing a total of 288 stains for analysis.
To enable analysis, a visual record of each swatch of stained fabric
was generated via digital scanning. Scanned images were then ana-
lyzed, by counting and recording the number of individual satellite
stains observed in both a color and inverted image format. Analysis of
inverted images assisted identiﬁcation of the smallest satellite stains.
Given the nature of results, descriptive statistics were conducted to
quantify observations and independent t-tests were carried out to
establish whether a difference in satellite stain counts between the
two different fabrics was statistically signiﬁcant.3. Results
Using atomic forcemicroscopy, surface roughness averagemeasure-
ments for both fabric items were calculated. Roughness average (Ra)
calculates the average size of peaks and valleys in a fabric's surface.
Item 1 (denim jeans) had an Ra value of 604 nm, while item 2 (cotton
mix T-shirt) had an Ra value of 285 nm. Item 1, therefore, had a greaterft) and 2 (right) at 10 μm resolution.
Fig. 6. SEM image of clothing item 2 (1 mmmagniﬁcation).
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by the AFM regarding the surface area of themicroscopic folds present in
a fabric across a ﬁxed area. The analysis of 1 cm2 of each fabric generated
ratios of 1:2 and 1: 1.24 for items 1 and 2, respectively. This shows that
themicroscopic surface features of denim (item1) aremore exaggerated
than those of cotton (item 2).
When averaged across all impact angles, stains generated on item 1
(denim jeans) had 134 satellite stains while those generated on item 2
(cotton mix T-shirt) had 119 satellite stains (Table 2). An independent
samples t-test (p = 0.004; p b 0.05) indicated there was a signiﬁcant
difference between the satellite stains measured on item 1 in compari-
son to item 2, at the 95% conﬁdence level.
Standard deviation (SD)was higher for item 1 (49.1) than for item 2
(33.7), suggesting there is greater variability for the stains on item 1
(Table 2). SD is relatively high for both items, indicating satellite stains
are a highly variable stain characteristic.
As impact angle became more acute from 90° to 22.7°, satellite stain
count increased (for stains on item 1) or decreased (for stains on item 2).
An observation was also made regarding the inﬂuence of drop height
on satellite stain generation. As drop height increased from 50 cm to
200 cm, satellite stain count also increased. This was observed for
both fabric items, with average numbers of satellite stains generated
on item 1 increasing from 112 (50 cm) to 157 (200 cm) and on Item 2
from 108 (50 cm) to 134 (200 cm). Although the authors acknowledge
that drops at these heights may still be accelerating towards terminal
velocity, the effect of this is considered to be negligible on account of
the difference between heights being relatively minimal. Accordingly,
these observations indicate that as drop height increases the disruption
of an impacting drop on these two fabrics also increases, and this effect
is exacerbated by surface roughness.4. Discussion
Observations regarding surface roughness of the two fabric items
sampled indicated a clear difference in roughness. Thiswas corroborated
through AFM derivations of Ra values, which were shown to be double
for item 1 (denim jeans). This was expected as the denim jeanswere no-
ticeably rougher to the touch than the cotton T-shirt despite their labeled
similarity of fabric composition. The analysis of satellite stains therefore
needs to take variability in ﬁber weave patterns or other compositional
factors into account when interpreting stains on clothing of relatively
similar fabric compositions.Table 1
Description of clothing items 1 and 2.
Item
number
Source Clothing item Color % Cotton
composition
% Elastane
composition
1 Primark Denim jeans White 98 2
2 Primark Cotton mix T-shirt White 95 5The effect of a difference in surface roughness on the generation of
satellite stains was found to be signiﬁcant. The rougher fabric (item 1)
disrupted affecting drops more than the smoother fabric (item 2),
resulting in the generation of a greater number of satellite stains.
These observations conﬁrm that those made by Moss (1989) regarding
disruption of water droplets upon impact to form satellite stains also
apply for blood droplet impacts and conﬁrm the theorized relationships
suggested by Engel [10]. As fabric type was the only independent
variable in these experiments, the results are consistent with the hy-
potheses of James [1] and Mehdizadeh's [9] that surface roughness is
the main control over satellite stain generation.
This study is the ﬁrst empirical conﬁrmation of the relationship
between surface roughness and satellite stain generation. While this
may suggest that there is potential for investigators to incorporate
satellite stains more quantitatively into their analysis, this study has
demonstrated that the relationship between surface roughness and
satellite stain generation is a sensitive one. This sensitivity highlights
the caution that investigators need to apply when analyzing blood-
stained fabrics, as the smallest difference in composition can have a
signiﬁcant effect on the resultant bloodstaining.
It is also important to acknowledge thatwithin each fabric data set, a
signiﬁcant range of average numbers of satellite stains was observed.
The consequence of this is that it is not possible to predict the fabric
type, or its surface roughness, simply from satellite stain count. Further
experimentation is therefore necessary to assess whether this variability
is an inherent characteristic of satellite stain formation, since this would
preclude it from use as a predictive measure in interpretation.
As impact angle became more acute, satellite stain count increased
for item 1 and in fact decreased for item 2. Although the signiﬁcance
of these observations, which were unexpected, needs to be ascertained
through further experimentation, initial thoughts formed from prelimi-
nary observations are that satellite stain generation for the cotton fabric
in item 2 was restricted by the absorbency of the fabric.
It is acknowledged that observations were limited to satellite stain
generation from stains generated by passive drip mechanisms. Further
experimental work is necessary validate the extrapolation of conclu-
sions to stains generated by other possible bloodletting mechanisms.
5. Conclusion
This experimental work has demonstrated that the composition of a
fabric has a signiﬁcant effect on the morphology of proxy bloodstains
generated on it. The cause of this effect appear to include fabric compo-
sition, which subtly inﬂuences the surface roughness of the fabric, and
variables such as the number of different ﬁbers in its composition,
nature of theﬁbers used and the percentagemix of differentﬁberswith-
in the fabric. All of these have the potential to inﬂuence signiﬁcantly
surface roughness values. Observations attesting to a difference in satel-
lite stain generation between two fabric items which varied in labeled
composition indicated that the unique fabric stain morphology of satel-
lite stains was directly inﬂuenced by surface roughness characteristics.
In summary, the following conclusions can be drawn:
▪ Fabric composition directly affects surface roughness.
▪ Surface roughness inﬂuences the morphology of stains generated.
▪ As surface roughness increases, the number and extent of satellite
stains generated also increases.
The implications of these ﬁndings are that fabrics composed of
natural ﬁbers are likely to exhibit greater satellite stain generation
than those composed of man-made ﬁbers because they possess greater
surface roughness. Furthermore, when two relatively similar fabrics, in
terms of composition, are compared, statistically signiﬁcant differences
will be exhibited in satellite stain characteristics. Thus, even small
variations in fabric composition may have an inﬂuence on bloodstain
morphology and should be considered during BPA. Therefore, in forensic
enquiry, the interpretation of fabric bloodstains should continue to be
Table 2
Satellite stain counts for items 1 and 2.
Clothing item N (stains) Mean (satellite count) SD Minimum satellite count observed Maximum satellite count observed SEM
Satellites counted 1 (Denim) 144 134 49.1 45 267 4.0907
2 (T-shirt) 144 119 33.7 48 246 2.8116
266 H.F. Miles et al. / Science and Justice 54 (2014) 262–266conductedwith caution. Indeed, the interpretation of bloodstains formed
on fabrics is very complex and the extrapolation of these results to a
wider range of materials is therefore difﬁcult to predict.
Accordingly, the signiﬁcance of these ﬁndings for BPA and forensic
investigators seeking to infer crime scene reconstruction from blood-
stains retrieved from clothing is that satellite stains are a highly sensi-
tive feature. With further empirical studies, the relationships for a
wider range of fabrics between surface roughness, satellite stains and
the experimentally controlled variables of drop height and impact
angle could be explored. The replication of the experimental design,
utilizing animal or human blood in place of proxy blood,would enhance
the ecological validity and further validate the observationsmade in this
study. This would enable a better understanding of the variability of
stain generation and provide the means to provide a greater empirical
context in which to situate the observations made here and enable
these results to provide more robust contextual information that
could play a part inmoving satellite stain analysis closer to a viable prac-
tical application for crime reconstruction within a forensic context.
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